Abstract. This paper reports experiments of static recrystallization using single crystal copper specimens. Single crystal copper specimens were used for the nano-plastic-forming and annealing test. Distortion of crystal lattice around indented grooves was studied by EBSD analysis. It was found that crystal rotation occurred around an indented groove, and that the crystal rotation zone extended obliquely downward from the grooves. TEM micrographs revealed that dislocation cell structures were generated in the vicinity of the grooves when the indentation load is large. After the nano-forming-test, the specimen was annealed under 973K. The specimen was also analyzed by EBSD and TEM. It was found that recrystallized grains were generated in the dislocation cell structures. It is considered that sub-grains in the dislocation cell structure grew up to recrystallized grains. Although more improvement of experimental technique and detailed investigation in the future work is necessary, possibility of accurate microstructure control is shown in the paper.
INTRODUCTION
Precise control of microstructure is essential for improving properties of metallic materials. Among various technologies the thermo-mechanical control process is a representative technology for microstructure and property control of steels [1] . Since recrystallization is the primary process that governs microstructure changes, many researchers studied its fundamental kinetics through experimental approaches and theoretical discussion [2, 3] . Most of these studies are, however, based on macroscopic processes, such as forging and rolling of polycrystalline materials, and they deal with the phenomena from the statistical point of view, where only average values of microstructure and material properties are discussed. Thus, very fundamental but important mechanism of recrystallization has not been revealed regardless of long effort of studies.
In the recent years, new experimental instruments such as EBSD (electron back scattering dispersion), TEM (transmission electron microscope) and FIB (focused ion beam) were developed. They are very useful and powerful for studies on material science and engineering; especially for microscopic studies on recrystallization and phase transformation processes. Also, some researchers reported microscopic studies on crystalline deformation characteristics of metallic materials using these instruments [4, 5] . The authors have proposed a new experimental technique using these instruments to reveal the fundamental mechanics of static recrystallization process, which is necessary to develop a new process for precise microstructure control of metallic materials [6, 7, 8] .
In the proposed method, first, crystalline plastic deformation characteristics is examined by micro indentation on single crystal copper specimens using a specially designed diamond tool (wedge tool), which is named as the nanoplastic-forming (NPF) [9, 10] . Then, the indented specimens are subjected to annealing so as to induce recrystallization in the vicinity of the indented grooves. Changes of crystal orientation and dislocation structure in the specimen are analyzed by using EBSD and TEM. In this paper, detail of experimental data of the plastic deformation behaviour of a single crystal Cu and recrystallization process are presented. Figure 1 (a) illustrates a NPF (nano plastic forming) tester used for the experiments. It has computer controlled X-Y stages and a Z stage. Resolution of those stages is 10nm, and the stroke of X-Y stages is 20mm whereas for Z stage, the stroke is 40mm. A wedge tool and a load cell are mounted on the Z stage. The load cell measures the indentation load. The complete process of imprinting, involving the movement of stages and applying imprinting load is controlled by a computer. The NPF test was conducted inside a clean chamber so that effect of dust is avoided. Figure 1 (b) shows a wedge tool used for the NPF test; edge angle was 60 degrees, and width was 0.6 mm. It was ground to very sharp, and their edge radius was less than 50 nm.
EXPERIMENTAL METHOD
Single crystal copper was used as test material. Copper has the FCC crystalline lattice structure. Rectangular specimens, as shown in figure 2(a), were cut out from a single crystal ingot. The upper surface of the specimen was mechanically polished to mirror like, and finished by chemical polishing so that affected layer was removed. The upper surface corresponds to the {100} crystal plane, and the edges of the specimen corresponds to <100> crystal axis. The wedge tool was indented onto the specimens at the indentation loads of 0.5N, 1N, 3.0 N, 5.0 N and 10.0N in the NPF tests. The tool edge was aligned with <100> crystal directions of the specimen as shown in figure 2(a). After the NPF test, the specimen was cut perpendicular to the grooves. Then it was polished with colloidal silica so that the cross-section of the groove appears. The extracted picture in figure Thin samples of 20mm×15mm×0.4mm in size were cut out of the grooves by FIB machining as shown in figure  3(a) , where the surface of the thin specimen corresponds with the cross section of the groove. The sample was then picked up for the TEM observation. Figure 3(b) shows a picture of the TEM used for the experiment. Its acceleration voltage is 1000KV, and very high resolution is available so that dislocations can be observed. Furthermore, the indented copper specimens were subjected to annealing experiment. Figure 4 (a) shows a picture of the furnace used for the annealing experiment. A specimen was placed at the entrance in the tube chamber, where is out of the electric furnace. After the tube chamber is purged with Argon gas, the furnace was heated to 973 K. Then the specimen was moved into the heated zone in the chamber and annealed for predetermined time; 44sec, 78 sec and 298 sec. Immediately after annealing time was finished, the specimen was pulled out from the heated zone and cooled down by blowing Argon gas. Figure 4 (b) shows variation of specimen temperature during the annealing. The specimen was cut and cross-section of the groove was polished with colloidal silica. The specimen was analyzed with EBSD. (a) (b) FIGURE 4. Electric furnace and temperature variation of specimens.
EXPERIMENTAL RESULTS

Plastic Deformation of a Single Crystal by Nano Plastic Forming
Figures 5 show an example of EBSD data tested at the load of 10N. (a) is an orientation map that shows crystal plane observed from the ND direction by colors, in which the colour reference is given by the standard triangle of the inverse pole figure presented in (b). Because the groove direction corresponds with <100> axis of the FCC lattice, the original crystal orientation of the cross section is <100>, which is represented by red in the figures. It is observed that crystal orientation in the vicinity of the groove was changed by the tool indentation. (c) shows a misorientation map. It is found that apparent crystal rotation occurred around the groove. The rotated zones (coloured by yellow) spread obliquely downward from the both sides of the indented groove. (d) shows an IQ (image quality) map, in which dark area represents distortion of the crystalline lattice.
Figures 6 show TEM micrographs in the vicinity of the indented grooves; indentation load was (a) 0.5N, (b) l.0N, (c) 3.0N, and (d) 5.0N. In (a), when the indention load was 0.5N, two group of dislocations are observed beside the indent groove; one is near the surface of the specimen, and the other is near the bottom of the groove. In (b), the dislocation cells spread widely in the specimen, and they form some cell structures. In (c), when the indentation load was 3.0N, dislocation cells developed in the both sides of the groove. In (d), when the indentation load was 5.0N, the (a) cell structure became more apparent. The boundary of the dislocation cell became linear, and the cell structure looks like the slip line field. It is considered that the dislocation cells became sub-grains when the distortion of crystalline lattice is large enough. 
Groov
Static Recrystallization of the Annealed Specimens
Figures 7 show EBSD data of annealed specimens; (a) is one before annealing, (b) is one after annealing for 78 sec, and (c) is one after annealing for 298 sec. The upper figures are the crystal orientation maps. The lower figures are the IQ maps. The color reference is presented in the standard triangle of the inverse pole figure in (d) . In (a), no grains are observed, but lattice rotation and distortion of single crystal specimen is found near the indented groove. It is shown in (b) that nuclei are generated near the groove, where large distortion of crystal lattice was observed in (a). In (c), these nuclei grew up to recrystallized grains. Lattice distortion in the recrystallized grains was annihilated. It is also found that crystal orientation of recrystallized grain differs very much from the original crystal orientation of the specimen. It is considered that these cells start growing when the specimen was subjected to annealing at appropriate temperature. They eat away each other by utilizing the distortion energy stored in the dislocations as the driving force. Finally the most aggressive grain grows up as a recrystallized grain. (b) shows an example of recrystallized grains after annealing. No dislocations are found in the recrystallized grains because they were consumed in the grain growth process. Thus, these nucleation and grain growth process depends on dislocation cell structure generated by the wedge tool indentation. Although the mechanism that determines crystal orientations of recrystallized grain was not revealed from the experiments presented in this paper, it is apparent that crystal orientation depends on the crystal orientation of the sub-grains. It is expected that the mechanism is revealed by studying detail of dislocation cell structures and grain growth process by improving the presented experimental techniques. This technology will enable precise control of microstructure of metallic materials.
CONCLUSIONS
(1) The mechanism of static recrystallization was studied in this paper. Single crystal copper specimens were used for the NPF and annealing test. Distortion of crystal lattice by wedge tool indentation was studied by EBSD analysis and TEM observation. (2) It was found from the EBSD analysis that crystal rotation occurred around the groove. The rotated zones spread obliquely downward from the both sides of the indented groove. TEM micrographs revealed that dislocation cell structures were generated in the vicinity of the grooves when the indentation load is large. (3) It was found from the EBSD analysis and TEM observation on the annealed specimen that recrystallized grains were generated in the dislocation cell structures generated by the wedge tool indentation. It is considered that sub-grains in the dislocation cell structure grew up to recrystallized grains.
